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External-cavity difference-frequency source near 3.2 pym,
based on combining a tunable diode laser
with a diode-pumped Nd:YAG laser in AgGaS;
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AgGaSy has been used to generate more than 2 uW of ¢cw mid-infrared radiation near 3.2 um by difference-
frequency mixing of the outputs of an extended-cavity diode laser near 795 nm (pump wave) an a compact

diode-pumped Nd:YAG laser at 1064 nm (signal wave).

An external ring enhancement cavity was used to

build up the signal power inside the nonlinear crystal by as much as 14.5 times. The novel mid-infrared source
incorporating a single diode laser could be angle-tuned from 3.155 to 3.423 um (from 3170 to 2921 cm~1). This
system was used to detect the Doppler-broadened fundamental vs-asymmetric stretch vibration of methane
(CHy4) by both direct and wavelength-modulation absorption spectroscopy.

1. INTRODUCTION

Difference-frequency generation (DFG) of continuous-
wave (cw) tunable infrared single-frequency radiation
has proved to be a useful technique for high-resolution
infrared spectroscopy but was limited until recently to
wavelengths shorter than 5 um by the infrared trans-
mission characteristics of the available nonlinear optical
materials (LiNbOs and LilO3).! Recent advances in the
growth and the fabrication of nonlinear optical materials,
such as AgGaS, and AgGaSe;, now offer a convenient
means for extending the wavelength coverage of DFG
sources to a wider wavelength range (3—18 um).2?
Semiconductor diode lasers are particularly attrac-
tive as pump sources in the nonlinear DFG process,
as their compact size and ease of operation will per-
mit the construction of portable and robust mid-infrared
laser sources that are especially suitable for environ-
mental remote sensing, pollution monitoring, chemical
analysis, and medical research. Until now the non-
linear frequency conversion efficiency of all-diode-laser
DFG sources has been limited by the relatively low out-
put power of commercially available single-mode III-V
diode lasers. We reported several nanowatts of cw mid-
infrared radiation* near 5 um, obtained by difference-
frequency mixing of two visible—near-infrared diode
lasers (2 and 10 mW) in AgGaSs. Using KTP as the
nonlinear optical material, Wang and Ohtsu® generated
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as much as 300 nW of near-infrared radiation (~1.6 um)
from two diode lasers (50 mW each). One way to in-
crease the infrared DFG output power is to use opti-
cal semiconductor amplifiers to boost the power of the
single-mode diode lasers to the watt level. Recently
we demonstrated difference-frequency mixing of a high-
power, GaAlAs, tapered, traveling-wave, semiconductor
amplifier® with a cw Ti:Al,O3 laser in a 45-mm-long
AgGaS; crystal cut for type-I noncritical phase matching
at room temperature. The diode amplifier was injection
seeded by a low-power, single-mode, index-guided diode
laser and provided 1.5 W of 860-nm radiation for the
DFG mixing experiment. As much as 47 uW of cw in-
frared radiation and 89 uW of pulsed infrared radiation,
tunable near 4.3 um, was generated. Alternatively, the
infrared DFG output power can be increased by use of
the high circulating fields inside optical resonators with
the nonlinear crystal placed either in an external (pas-
sive) enhancement cavity or in one of the pump-laser
cavities. The latter approach was investigated by Dixon
and co-workers’ with a nonlinear KTP or AgGaS, crystal
introduced into a Nd:YAG laser cavity.

In this paper we describe a DFG source that uses a
tunable extended-cavity diode laser (ECDL) near 795 nm
(500-kHz linewidth), a diode-pumped monolithic Nd:YAG
laser at 1064 nm (5-kHz linewidth), and an external
ring enhancement cavity around a AgGaS; crystal. The
enhancement cavity resonates the signal wavelength
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Fig. 1. Experimental setup used to mix the outputs of an ECDL near 795 nm and a diode-laser-pumped Nd:YAG laser at 1064 nm
in AgGaSgy cut for 90° type-I phase matching. The Nd:YAG laser radiation inside the mixing crystal is resonantly enhanced by

a three-mirror ring buildup cavity.

(Nd:YAG laser), thereby increasing the signal power
present inside the mixing crystal. The infrared power
scales as the product of the signal and the pump pow-
ers, and hence its enhancement depends linearly on the
buildup factor.

2. EXPERIMENTAL SETUP

The experimental diagram in Fig. 1 shows the ring
buildup cavity, the ECDL, and the diode-pumped Nd:YAG
laser. The ECDL?® uses an index-guided, quantum-well
laser,® a 0.60 N.A. collimating objective, and a reflection
grating (2400 lines/mm) used in the Littman configu-
ration. To improve the tuning characteristics of the
ECDL, the output facet of the laser chip was antireflec-
tion (AR) coated with Al;O3 and HfO,. Most high-power
diode lasers are supplied from the manufacturer with
reduced-reflectance coatings on the front facet and high-
reflectance coatings on the back facet. These standard
high-power lasers will work well in an ECDL configura-
tion, but further reduction of the front facet reflectance
permits a broader tuning range. An anamorphic prism
pair (6X) and a telescope were used to match the spatial
mode of the ECDL approximately to the Nd:YAG laser
mode in the ring buildup resonator.

The signal wave was provided by a cw diode-pumped
monolithic Nd:YAG ring laser!® at 1064 nm. Pump- and
signal-wave polarizations were perpendicular for type-I
phase matching in AgGaS,. Both beams were spatially
overlapped with a polarizing beam splitter. Telescopes
were used in both beam paths to match the beam waists at
the center of the crystal. The beam waists (half-width at
1/e? of maximum) were set to ~20 um in both vertical and
horizontal planes, which is close to optimum focusing.?

To minimize thermal effects on the nonlinear con-
version efficiency, the signal wave at 1064 nm rather
than the pump wave at 795 nm was resonated in the

buildup cavity. Owing to poor thermal conductivity
(~0.115 W em~! K1), AgGaS, suffers from thermal lens-
ing problems, especially if high-power pump sources at
wavelengths close to the absorption-band edge of the ma-
terial (~500 nm) are used.!'’ Both to avoid degradation
of the wave fronts by thermal lensing effects and to have
a broad angle tuning range, we chose a short AgGaS,
mixing crystal (5 mm long) in this experiment. After
AR coatings were applied to the crystal facets, the total
linear absorption loss of the AgGaSs, crystal at 1064 nm
was measured to be ~1.5%.

The ring buildup cavity consisted of three flat mirrors
(M;-Mj3) and two intracavity lenses (Lj, fz, = 50 mm;
Ls, fr, = 25 mm) together with a 5-mm-long AgGaS;
crystal cut for type-I 90° phase matching. With a crys-
tal aperture of 5 mm this configuration gave us access
to phase-matching angles between 90° and 67°. The to-
tal length of the ring cavity was ~28 cm, and the full
angle ® on mirror M; was ~3°. The facets of the nonlin-
ear mixing crystal were coated with a single-layer Al;O3
AR coating for low loss at 1064 nm (R = 4 X 107%). In
spite of the quality of the coatings, passive losses from
the lenses (R < 0.25% per surface, nominally) reduced
the cavity buildup. However, the cavity setup shown in
Fig. 1 could be realized almost exclusively with standard
Nd:YAG laser optics. Mirrors My and M3 were high-
reflectance coated (nominally R ~ 98.5% and R ~ 99.7%,
respectively) for s-polarized light at 1064 nm. The in-
frared radiation generated inside the crystal was coupled
out through mirror My, which was an Al,O3 substrate
high-reflectance coated for 1064 nm with transmission
T = 78% for the generated difference-frequency radiation
near 3 um. Mirror M; was used as the input coupler,
with T' = 4% (nominally) at 1064 nm chosen to impedance
match'? the buildup cavity to the signal-wave losses. Ap-
proximately 85% of the diode laser power at 795 nm inci-
dent upon the cavity could be coupled through M;.
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3. RESULTS AND DISCUSSION

With no mixing crystal inside the buildup cavity, ap-
proximately 75% of the incident Nd:YAG laser power was
coupled into the cavity and enhanced by a factor of ~24.5,
corresponding to a total cavity round-trip loss of ~4.1%.
After the crystal was introduced into the cavity, the cou-
pling increased to ~83%, indicating a better match of the
input coupler transmission to the total cavity round-trip
loss. However, owing to the additional absorption of the
mixing crystal, the buildup factor decreased to ~14.5, cor-
responding to a total cavity round-trip loss of ~6.9%.

The coupling efficiency of the Nd:YAG laser power into
the buildup cavity was determined from the power re-
flected off the input coupler M; while the buildup cavity
was tuned over the resonance with the piezoelectric-
transducer- (PZT-) driven mirror M;. The -circulat-
ing power inside the cavity could be inferred from the
Nd:YAG laser power that leaked through mirror Ms. Af-
ter traversing a 60° prism that separated the Nd:YAG
laser beam from the diode laser beam, the transmitted
signal was also used to lock the cavity resonance to the
Nd:YAG laser frequency with a standard modulation-
control scheme.

The difference-frequency radiation generated in
the AgGaS; crystal was collimated outside the
buildup cavity with a CaF,; lens (5-cm focal length)
and then detected by a liquid-Ns-cooled photovoltaic
detector (InSb with a 1-mm-diameter area and a fac-
tory calibrated responsivity of ~1.248 A/W at 3 um).
A broadband AR-coated germanium filter blocked
pump and signal waves while transmitting the 3-um
difference-frequency radiation.

Using 1064.504 nm as the signal wave, we found type-I
90° phase matching at a diode laser wavelength of
795.5 nm, corresponding to a difference-frequency wave-
length of ~38.148 um (38176.7 cm™!). The laser wave-
lengths were determined with a spectral resolution of
~30 MHz and an absolute accuracy of ~500 MHz with
the radiation coupled via a single-mode probe fiber
into a lambdameter.’® The DFG phase-matching band-
width at a phase-matching angle of 90° is shown in
Fig. 2. This was recorded by tuning the wavelength
of the ECDL. The large phase-matching bandwidth
of ~8.8 cm™! (FWHM) is in good agreement with the
theoretically calculated value of 8.1 cm™!, which results
mainly from the short length (5 mm) of the nonlinear
optical mixing crystal.

Figure 3 depicts the mid-infrared DFG power at 90°
phase matching for a fixed diode-laser power of 12.1 mW
(measured after the input coupler of the buildup cavity)
as a function of the Nd:YAG laser power incident upon
the enhancement cavity. The Nd:YAG laser power was
varied by the relative angle between a polarization rota-
tor and an analyzer. Values shown are corrected for the
3-um transmission loss of the optical components exter-
nal to the cavity (T' = 89%), but not for the transmis-
sion loss of the infrared light in the output coupler of the
buildup cavity (T' = 78%). The plot shows the expected
linear dependence of the generated infrared power on the
signal power. However, the experimentally determined
slope efficiency of ~4.1 nW/mW at 12.1 mW of diode laser
power is approximately four times less than the value
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that was predicted based on the theoretical model (given
in Refs. 2 and 3) assuming ideal Gaussian beams and
an effective nonlinear coefficient of 12 X 10712 m/V for
type-I 90° phase matching in AgGaS,. This deviation
between experiment and theory was also found in pre-
vious AgGaS; DFG experiments.® A maximum cw DFG
power of ~1.7 uW was obtained after the external cav-
ity with ~13.6 mW of diode laser power and 360 mW of
Nd:YAG laser power. Taking into account the buildup
cavity output coupler transmission at 3 wm, this cor-
responds to ~2.1 uW of DFG power after the mixing
crystal. Even at the high-signal-power levels circulating
inside the buildup cavity, the infrared DFG power was
the same for both cw and pulsed modes of operation. For
cw operation the buildup cavity resonance was locked to

Diode Laser Wavelength (nm)
796.5 796 795.5 795

IIIIIIIIllllllIlIIIII

90° type 1 PM, AgGasS, ®
Nd:YAG laser 1064.504 nm

FWHM = 8.78 cm’

IIIIIIIIIIIIIIIIIII

Infrared DFG Power (arb. units)

3155 3160 3165 3170 3175 3180 3185 3190
Infrared DFG Frequency (cm™)

Fig. 2. Phase-matching bandwidth of the DFG mixing process
at a phase-matching angle of 90°, recorded with the diode laser
wavelength tuned. The large bandwidth of >8 em~! (FWHM)
is due to the 5-mm length of the crystal used in the nonlinear
optical mixing.
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Fig. 3. Generated infrared DFG power as a function of the
Nd:YAG laser power incident upon the enhancement cavity.
For this measurement the diode laser power was fixed at
12.1 mW (measured after the input coupler of the buildup cavity).
Values shown are corrected for transmission losses of the optical
components external to the buildup cavity at a wavelength of
3 um.
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Fig. 4. Tuning range and power output of the infrared DFG
radiation. Infrared tuning was accomplished by variation of the
wavelength of the diode laser for a given orientation of the mixing
crystal.

the Nd:YAG laser while pulsed operation was obtained
by sweeping the cavity over its resonance in ~0.4 ms and
detecting the transmitted infrared signal. This indicates
that, even at circulating power levels of >3.5 W inside
the cavity, no degradation of the nonlinear conversion ef-
ficiency by thermal lensing effects was observed.

With the wavelength of the ECDL tuned from 795 to
812 nm (over ~17 nm) and the phase-matching angle
of the mixing crystal adjusted (over ~15°), the infrared
wavelength could be tuned from 3.155 to 3.423 um
(3170-2921 cm™!). Figure 4 shows the relative infrared
DFG power as a function of the diode laser and infrared
wavelengths over the entire tuning range of the diode
laser. We recorded the tuning curve by setting the
phase-matching angle to a given value and tuning the
diode laser over the DFG phase-matching bandwidth.
The DFG power levels shown here are normalized to
the incident diode-laser power, which varied from 10 to
15 mW over this tuning range. We achieved continuous
infrared tuning ranges of >40 GHz without mode hopping
by scanning the piezoelectric transducer on the ECDL.
Figure 4 indicates that for phase-matching angles above
80° the effective phase-matching length'* is actually
larger than the physical length of the mixing crystal,
which results in a nearly constant infrared DFG power
between 90° and 80°. For phase-matching angles smaller
than 80° the effective phase-matching length drops
below the physical length of the crystal because of walk-off
effects, resulting in an equivalent drop of the generated
infrared power. Figure 5 shows the experimentally mea-
sured phase-matching points compared with the values
theoretically calculated from the Sellmeier coefficients
given in Ref. 15. Rotating the nonlinear crystal in the
buildup cavity introduced a shift of the laser beams.
Therefore at each crystal angle a realignment of the
cavity was required. This can be avoided, however, by
use of two crystals in a walk-off compensated cavity con-
figuration as demonstrated by Bosenberg et al.'6
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To demonstrate the applicability of this compact all-
solid-state DFG source, we recorded a portion of the
absorption spectrum of the fundamental r3-asymmetric
stretch vibration of methane (CH4) around 3.2 um (see
Fig. 6). The phase-matching angle was set to 90° and the
ECDL wavelength was tuned over an ~30-GHz portion
of the DFG phase-matching bandwidth. Only 100 mW
of incident Nd:YAG laser power was used to record this
spectrum, which corresponds to an infrared power level
of ~0.45 uW. The methane pressure in the 50-cm-long
absorption cell was set to the vapor pressure of methane
at 77 K (1333 Pa, 10 Torr) with a liquid-Ns-cooled reser-
voir. Figure 6 depicts a portion of the recorded methane
absorption spectrum and demonstrates the high signal-
to-noise ratios that could readily be obtained. Trace 1
of Fig. 6 shows a (single-sweep) background-free absorp-
tion spectrum recorded by wavelength modulation of the
diode laser (cavity length), with the 2f-absorption signal
detected by lock-in techniques. Trace 2 of Fig. 6 shows
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Fig. 5. Comparison of the experimentally determined (data
points, circles; fit, top solid curve) and theoretically calculated
(bottom curve) phase-matching angles. The calculated values
are based on the Sellmeier equations given in Ref. 15.
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Fig. 6. Methane absorption spectrum near 3.2 um (fundamen-
tal vs-asymmetric stretching motion), obtained with a 50-cm-long
absorption cell and a methane pressure of ~10 Torr. Trace
1, 2f-absorption signal (single sweep) recorded with a lock-in
amplifier. The spectrum was recorded at a phase-matching
angle of 90° with the diode laser wavelength tuned over a
30-GHz portion of the phase-matching bandwidth; trace 2, a
direct absorption signal obtained by the averaging of 10 sweeps.
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the direct absorption spectrum of the same lines recorded
with a digital oscilloscope averaging 10 sweeps. The
buildup cavity was resonant only at 1064 nm, with no
measurable buildup at the diode laser wavelength. Thus
no channeling on the baseline of the methane spectrum
was observed when the diode laser wavelength was tuned.

4. CONCLUSION

In conclusion, more than 2 uW of cw tunable infrared ra-
diation near 3.2 um have been generated by difference-
frequency mixing an ECDL (pump source) near 795 nm
and a diode-pumped Nd:YAG laser (signal source) in
AgGaS,. The signal source was resonated in a ring en-
hancement cavity, resulting in buildup factors for the
signal power of as much as 14.5. The compact infrared
DFG source (footprint of 0.5 m?) could be tuned from 3.155
t03.423 um (3170 to 2921 cm™!), which coincides with the
fundamental CH stretch vibrations of the vast majority
of molecular organic compounds. The DFG source was
used to detect the fundamental vs-asymmetric stretching
motion of methane by direct and modulation spectroscopy.
Methane was chosen in this feasibility study because of
its convenience and its environmental significance (it is
an important greenhouse gas that supports ozone for-
mation in polluted air). With the Nd:YAG laser line at
1.32 um as the signal wave and a tunable high-power
ECDL near 855 nm as the pump wave, angle-tunable mid-
infrared radiation from 2.42 to 2.57 um (phase-matching
angles 90—75°) could be generated. The cavity-enhanced
DFG source demonstrated here is a useful system when-
ever low power consumption, relatively low cost, and
no-water cooling are important and for wavelength re-
gions in which high-power semiconductor GaAlAs optical
amplifiers® are not available. This makes it an attrac-
tive tool for wide range of applications in the mid-infrared
wavelength range.
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